T[he]{.smallcaps} nuclear matrix is formed by an ordered and highly compartmentalized protein structure consisting of a nuclear lamina, a residual nucleolus, and an internal matrix composed of a nonchromatin fibrogranular network associated with DNA ([@B7]; [@B5], [@B6]; [@B12]; [@B60]; [@B14]; [@B73]). The nuclear matrix has been implicated in transcription, regulation of gene expression, cell cycle, primary transcription processing, and linkages to intermediate filaments of the cytoskeleton ([@B30]; [@B44]; [@B55]; [@B46]). The nuclear lamins and the nuclear matrins were identified as major nuclear matrix proteins ([@B27],*b*; [@B52]).

The nuclear matrix, as an underlying nuclear framework, coordinates the different processes occurring at the chromatin sites, which are under stringent cell cycle control ([@B44]). For example, the retinoblastoma gene product (p110^RB^) is associated with the nuclear matrix in a cell cycle--dependent manner ([@B51]; [@B45]; [@B57]). Isolated nuclear matrices from synchronized cultured cells contained a significant amount of hypophosphorylated retinoblastoma protein only during the G1 period ([@B24]). Some p110^RB^-binding proteins are themselves associated with the nuclear matrix, including several "inactivating" viral oncoproteins (SV-40 large T antigen, adenovirus E1a protein, and the human papilloma E7 protein), lamin A1C ([@B54]), and p84 ([@B22]).

Neuronal differentiation involves migration, directional axon growth, synaptogenesis, and selective survival ([@B37]; [@B20]). Recent evidence indicates the involvement of cell cycle regulatory molecules in neuronal differentiation ([@B39]). During neuronal differentiation, cyclin-dependent kinase (CDK)^1^ activities decline, and phosphorylation of the p110^RB^ is reduced, leading to the appearance of a p110^RB^-containing E2F DNA-binding complex ([@B21]; [@B41]). Neuronal differentiation can be induced by overexpression of CDK inhibitor p27^KIP^ or p110^RB^, suggesting that loss of p110^RB^ phosphorylation is an important determinant for neuronal differentiation ([@B41]). In addition, cyclin dependent kinase-2 (CDK2) overexpression inhibited the NGF-induced differentiation of PC-12 cells ([@B21]). CDK5 expression and kinase activity are correlated with the extent of differentiation of neuronal cells in the developing brain ([@B53]).

Nuclear actin and myosin are components of the nuclear matrix in neurons and are present in the interphase nuclei of intact dorsal root ganglia and PC-12 cells ([@B48]; [@B2]). Neuronal nuclear matrix components might play an important role in neuronal development and in the dynamic positioning of specific chromatin domains in a tissue-specific nonrandom pattern in neurons ([@B2]). Recent observations indicated that ataxin-1 (the protein encoded by the SCA1 gene), involved in the neurodegenerative disorder spinocerebellar ataxia, alters nuclear matrix--associated structures ([@B61]). Despite the apparent importance of the nuclear matrix in the regulation of many biological processes, the roles of nuclear matrix in cell physiology are largely unknown. Thus, the discovery of a matrix constituent whose expression is tissue or cell specific offers a new area for research. We describe here the cloning, expression, and characterization of a novel neuronal nuclear matrix protein, NRP/B (nuclear restricted protein/brain), which binds to p110^RB^ and is involved in the regulation of neuronal process formation.

Materials and Methods {#MaterialsMethods}
=====================

Materials
---------

Chemical reagents were purchased from Sigma Chemical Co. (St. Louis, MO). The human fetal λ-gtl0 cDNA library was obtained from Dr. Kunkel (Children\'s Hospital, Boston, MA). The λ-ZapII human hippocampus cDNA library was from Stratagene (La Jolla, CA). Restriction endonucleases, modifying enzymes, terminal deoxynucleotidyl transferase, random priming kits, and Sephadex G-25 quickspin columns were purchased from Pharmacia Biotech (Piscataway, NJ) and New England Biolabs (Beverly, MA). The primers for PCR, reverse transcriptase PCR, and sequencing were synthesized using an automated DNA synthesizer (model 394; PE Applied Biosystems, Foster City, CA). The PCR and RNA-PCR kits were obtained from Perkin-Elmer Corp. (Norwalk, CT). Sequenase and random priming kits were obtained from U.S. Biochemical Corp. (Cleveland, OH), and RNA isolation kits were from Stratagene. Antibodies for p110^RB^ (X Z55, A431) were obtained from PharMingen (San Diego, CA).

Amplification of cDNA Fragments Encoding NRP/B
----------------------------------------------

A novel cDNA sequence was identified using the protocol as described ([@B40]). The highest homology was found with the *Drosophila* ring canal kelch protein. Therefore, this fragment was designated RCR-1 (Ring canal--related protein). RCR-1 was radiolabeled by random priming and used as a probe to screen the human cDNA libraries.

Isolation and Characterization of cDNA Clones
---------------------------------------------

The human fetal brain λ-gtl0 cDNA was screened (∼6 × 10^5^ recombinants/screening) initially with the PCR fragment RCR-1 and further processed to obtain isolated cDNA clones as previously described ([@B3],*b*). A total of 12 clones was isolated, and two clones were sequenced on both strands. The human brain hippocampus λ-ZapII cDNA library (∼8 × 10^5^ recombinants/screening) was also screened with the ^32^P-labeled RCR-1 fragment. A total of 12 clones was isolated, and two clones were further analyzed.

Northern Blot Analysis
----------------------

Poly-A mRNA was extracted from cells and analyzed as described ([@B4]). The level of expression for each mRNA was determined densitometrically (E-C Apparatus Corp., Holbrook, NY). The mRNA blots from the human adult and fetal tissue mRNAs and mRNAs from various human brain regions were obtained from CLONTECH Laboratories (Palo Alto, CA).

Cell Culture
------------

Primary neurons and astrocytes were prepared from the hippocampal regions of Sprague-Dawley rats at gestational day 18, and cortex cultures were prepared from postnatal day 1 rats as described ([@B11]; [@B26]). PC-12, Neuro 2A, and SH-SY5Y neuroblastoma cells were grown as described in the American Tissue Cell Culture manual ([@B25]; [@B42]; [@B66]; [@B19]).

Cell Cycle Analysis
-------------------

Cells were grown on six-well plates and were harvested by trypsinization after two washes with PBS. 1--2 × 10^6^ cells/ml were fixed with 50% ice-cold methanol for 30 min on ice. After centrifugation at 300 *g* for 5 min, supernatants were aspirated, and cell pellets were resuspended with 500 μl staining solution containing propidium iodide and RNAse (100 U/ml). Samples were incubated at room temperature for 30 min and then analyzed by FACS^®^ analysis (Dana Farber Cancer Institute, Boston, MA).

Effect of NRP/B Antisense Oligodeoxynucleotides on Neuronal Cell Growth and Differentiation
-------------------------------------------------------------------------------------------

The S-modified 18-mer sense, antisense, and scrambled oligodeoxynucleotides of NRP/B were synthesized by Genosys Biotechnologies, Inc. (The Woodlands, TX) and dissolved in DME. NRP/B antisense oligodeoxynucleotides corresponded to nucleotides +4 to +24 and +221 to +224 from the first ATG. All experiments were carried out with the corresponding sense and scrambled sequence controls as described in [@B4]. Differentiation of Neuro 2A and SH-SY5Y cells was induced with dibutyryl cAMP (5 μM) and retinoic acid (10 μM), respectively, as described ([@B42]).

Construction of FLAG-epitope--tagged NRP/B Expression Vector
------------------------------------------------------------

The full-length NRP/B cDNA was subcloned in the pcDNA3neo expression vector (Invitrogen, Carlsbad, CA). The nucleotide sequence of the FLAG-epitope (DYKDDDDK) was introduced to the 5′-end of the coding sequence of NRP/B in the NRP/B-pcDNA3neo construct by PCR to obtain the FLAG-NRP/B-pcDNA3neo construct. The sequence and orientation were confirmed by the sequencing of both strands.

Transfections of NRP/B
----------------------

Cells were grown in six-well plates with MEM or DME containing 10% FBS. Lipofectamine (GIBCO BRL, Gaithersburg, MD) was used for stable and transient transfections. The stable transfected cells were selected in DME (+ 10% FBS) with 400 μg/ml of geneticin (G418).

In Situ Hybridization
---------------------

For preparation of the RNA probes, the murine homologue of NRP/B cDNA, *Nrp/b*, was isolated. A 390-bp XbaI-EcoRI 3′-fragment of *Nrp/b* was subcloned into multiple cloning sites of the pBluescript II SK+ vector (Stratagene). ^35^S-labeled RNA probes were transcribed in the antisense or sense orientation from the linearized pBluescript vector according to the manufacturer\'s protocol (Stratagene). For tissue preparation, hybrid-ready mouse brain tissue sections (7 μm) were mounted onto Vectabond-treated slides (purchased from Novagen, Madison, WI). The brain sections were either mid-coronal or mid-sagittal. Prehybridization, hybridization with a ^35^S-labeled radioactive probe, washes, autoradiography, and developing of the slides were performed according to the protocols described in the Sure Site II system manual using the hybridization reagent kit (Novagen).

Expression of His6-tagged NRP/B Protein in Sf-9 Insect Cells
------------------------------------------------------------

The NRP/B-His6/pBlueBacIII recombinant plasmid was constructed by inserting a C-His6-NRP/B construct at BamHI and HindIII sites. To make the C-His6-NRP/B construct, which encodes six extra histidine residues added to the COOH-terminal end of the NRP/B protein, two sets of PCR reactions were performed using two flanking oligodeoxynucleotides. C-His6 NRP/B/pBlueBacIII recombinated baculovirus (AcMNPV) was obtained by using a baculovirus expression system (MaxBac; Invitrogen). To express the His6-tagged NRP/B protein, 2 × 10^6^ cells/ml of Sf-9 cells were infected with the recombinant virus (MOI of 5) and harvested 48 h after infection. The cell pellet was resuspended in 5 ml of 6 M guanidine-HCl and incubated for 2 h on ice. After centrifugation at 25,000 *g*, the supernatant was applied to a 2-ml nickel column (Invitrogen) and incubated for 10 min at room temperature. The resin was washed according to the manufacturer\'s protocol, and the bound protein was eluted with elution buffer (8 M urea, 0.5 M NaCl in 20 mM phosphate buffer, pH 4.0). The eluted protein was then diluted slowly with 20 mM phosphate buffer, pH 7.4, and dialyzed against renaturation buffer (0.3 M arginine, 10% glycerol in 20 mM phosphate buffer, pH 6.0).

Preparation of Anti-NRP/B Antibodies
------------------------------------

NRP/B was expressed and purified from Sf-9 cells as described above, and polyclonal antibodies against the NRP/B protein were raised in rabbits, according to a standard protocol ([@B29]). The titers of the antisera were analyzed by ELISA and Western blot analysis. Hybridoma-producing monoclonal anti-NRP/B antibodies were raised by the conventional PEG-fusion technique using 2 × 10^8^ spleen cells and 1 × 10^8^ PAI-O partner cells (generous gifts from Dr. J.A. Langer, Rutgers University School of Medicine and Dentistry, NJ). The clones that survived in the HAT medium supplemented with 20% FBS were screened by ELISA. Positive clones were subcloned three times by the limiting dilution method ([@B29]).

Isolation of Nuclei
-------------------

Nuclei from cells were isolated as described ([@B49]). Exponentially growing and SH-SY5Y cells (3 × 10^8^ cells) were collected, washed, and resuspended in 10 ml isolation buffer containing 0.1% digitonin (Sigma Chemical Co.), 0.5 mM PMSF, and a protease inhibitor cocktail (Boehringer Mannheim Corp., Indianapolis, IN) and were disrupted in a 5-ml Dounce-type homogenizer (Cole-Parmer Instrument Co., Niles, IL) with 20 strokes. The nuclei were collected by centrifugation after washing with the isolation buffer. The isolated nuclei were resuspended in a 4-ml isolation buffer containing 0.1% digitonin but no EDTA. To digest chromosomal DNA, nuclei were supplemented with restriction buffer B (Boehringer Mannheim Corp.) and incubated with 250 U of EcoRI at 37°C for 4 h. After EcoRI digestion, the nuclei were extracted with a high-salt solution (2 M NaCl, 10 mM Pipes, 10 mM EDTA, pH 6.8, and protease inhibitors \[Boehringer Mannheim Corp.\]). The high-salt extracted nuclei were collected by centrifugation (10 min, 2,100 *g*) and washed three times with an isolation buffer supplemented with 0.1% digitonin, exonuclease restriction digestion buffer B, and protease inhibitors. The nuclei were again incubated at 37°C with 250 U EcoRI for 2 h and then extracted with the high-salt solution. The nuclear matrices were collected by centrifugation (10 min, 2,500 *g*), and the supernatants from the high-salt extractions were combined. Desalting was done with G-50 desalting columns (Boehringer Mannheim Corp.). For the in vivo phosphorylation experiments, nuclei and nuclear matrix protein were prepared from SH-SY5Y, based on modified procedures reported by Hakes and Berezney ([@B27],*b*) (Feuerstein and Randazzo, 1991). Briefly, purified nuclei were extracted with high ionic strength buffer (2 M NaCl, 10 mM Tris, pH 7.4, 0.2 mM MgCl~2~, 1 mM PMSF) and then digested with DNAse for 1 h. They were subsequently extracted with 0.5% NP-40 in low ionic strength buffer (10 mM Tris, pH 7.4, 0.2 mM MgCl~2~) and washed twice with low ionic strength buffer. The pellet was resuspended in low ionic strength buffer containing 9.5 M urea, 2% NP-40, 5% β-mercaptoethanol, and phosphatase inhibitors (10 mM NaF, 1 mM sodium pyrophosphate) and then centrifuged at 30,000 rpm for 1 h at 4°C. Supernatant was collected and subjected to two-dimensional gel electrophoresis.

Immunoprecipitation and Immunoblotting
--------------------------------------

The cells were lysed in modified RIPA buffer (50 mM Tris-HCl, pH 7.4, 1% NP-40, 0.25% sodium deoxycholate, 150 mM NaCl, 1 mM PMSF, 2 μg/ml aprotinin, leupeptin, and pepstatin, and 1 mM Na~3~VO~4~) ([@B33]). Total cell lysates were clarified by centrifugation at 10,000 *g* for 10 min. Identical amounts of protein from each sample were precleared by incubation with protein G--Sepharose CL-4B (Sigma Chemical Co.) for 10 min at 4°C. After the removal of protein G--Sepharose by brief centrifugation, protein concentrations were determined using a protein assay (Bio-Rad Laboratories, Hercules, CA), and cell lysates were incubated with NRP/B antibodies (as described for each experiment) overnight at 4°C. Immunoprecipitation of the antigen--antibody complex was accomplished by incubation for 1 h at 4°C with 30 μl of protein G--Sepharose. Bound proteins were solubilized in 20 μl of 2× Laemmli buffer. Samples were separated and analyzed by 7.5 or 10% SDS-PAGE and then transferred to Immobilon membranes. The membranes were blocked with 5% BSA (Boehringer Mannheim Corp.) and probed with primary antibody for 1 h at room temperature. Immunoreactive bands were visualized using horseradish peroxidase--conjugated secondary antibody and the ECL reagents (Amersham Corp., Arlington Heights, IL).

Far Western Blot Analysis
-------------------------

For binding experiments, total cell lysates were immunoprecipitated with control antibody or p110^RB^ monoclonal antibody. The immunoprecipitates were analyzed on 7.5% SDS-PAGE and transferred to membranes. The blots were incubated at 4°C overnight in 5% milk in PBS containing 0.1% Tween 20 followed by incubation with 20 μg of purified tyrosine kinase Csk as a control or NRP/B protein for 2 h at 4°C. The blots were washed, and mouse anti-NRP/B monoclonal antibody was added for 1 h. After washing, horseradish peroxidase--conjugated anti--mouse IgG (Amersham Corp.) was added for 1 h. Immunoreactive bands were visualized using ECL reagents.

Confocal Microscopy
-------------------

### Cell Staining.

Primary hippocampal neurons and astrocytes were fixed for 10 min in 4% paraformaldehyde in PBS containing 0.1% BSA, and cell staining was performed as described ([@B43]). Polyclonal NRP/B antiserum or preimmune rabbit serum (1:1,000 dilution in blocking solution) was used. Cells were incubated with FITC-conjugated goat anti--rabbit IgG (1:200) or rhodamine-conjugated goat anti--rabbit IgG for 1 h at room temperature, washed three times with PBS for 10 min, and mounted with Vectashield mount medium.

### Microscopy.

Immunostained cells were examined using a Sarastro 2000 confocal laser scanning microscope (Molecular Dynamics, Sunnyvale, CA) fitted with a 25-mW argon-ion laser as described ([@B43]). Images of neurons were recorded in 1,024 image size format. A 60× 1.4 numeric aperture objective was used to identify the distribution of NRP/B.

Electron Microscopy
-------------------

Cells were fixed in 2.5% glutaraldehyde in a sodium cacodylate buffer and postfixed in 1% osmium tetroxide dehydrated through a graded series of ethanol. Cells were embedded in EPON 812 and thin-sectioned on RMC MT6000 ultramicrotone (Tucson, AZ). Treatment of NRP/B-specific polyclonal antibodies with 10 μM colloidal gold was performed, followed by staining with uranyl acetate and bead citrate. The thin sections were analyzed under an electron microscope (model 300; Philips Electron Optics, Mahwah, NJ).

In Vivo Phosphorylation
-----------------------

Cells were labeled for 4 h with 0.5 μCi/ml of ^32^P, supplied as orthophosphoric acid in 8 ml of phosphate-free DME. At the end of the pulse, the cells were harvested and lysed in RIPA buffer. 500 μg of total cell lysate was immunoprecipitated with anti-NRP/B monoclonal antibody as described above. After exposure, the blot was probed with anti-NRP/B antibody. In addition, the nuclei were isolated as described in the section regarding nuclear isolation procedures. 2 × 10^6^ cpm were applied and analyzed by two-dimensional gel electrophoresis (Multipore System; Pharmacia Biotech).

Results {#Results}
=======

Identification and Isolation of the Full-Length Human NRP/B cDNA
----------------------------------------------------------------

Single pass sequencing was used to identify proteins of potential importance in brain development ([@B40]). One clone of 720 bp (designated RCR-1), representing a novel gene with no homology to known mammalian cDNAs, was selected and further characterized by Northern blot analysis. Using RCR-1 as a probe, expression of RCR-1 was observed only in fetal and adult brain tissues (data not shown). Therefore, RCR-1 was used as a probe to screen the human fetal brain and adult brain hippocampus cDNA libraries. Several independent cDNA clones were sequenced and appeared to encompass a complete reading frame. One of these clones, λ-ZapIIHFBLII5s, contained an open reading frame of 1,767 nucleotides, which encoded the entire protein of 589 amino acids (Fig. [1](#F1){ref-type="fig"} *A*) with a predicted molecular mass of 67 kD. Human and mouse NRP/B cDNAs were highly conserved, sharing 99% sequence homology (unpublished data).

Analysis of the NRP/B Protein Sequence
--------------------------------------

Analysis of NRP/B cDNA sequences and the predicted NRP/B protein showed that the amino terminus of the NRP/ B protein is predicted to be α-helical, while the carboxyl terminus is predicted to be a β-sheet and consists of an ∼50--amino acid residue motif repeated six times ("kelch motif") (Fig. [1](#F1){ref-type="fig"} *B*). Interestingly, sequence analysis indicates that the ∼113--amino acid NH~2~-terminal residues (amino acids 28--141) have significant homology (35% identity, ∼55% similarity) to the BTB/POZ domain--containing proteins ([@B30]) (Fig. [1](#F1){ref-type="fig"} *A*). Although NRP/B has two basic residue-rich regions (amino acids 258--263 and 289--295), it lacks a classical nuclear localization signal. The kelch motif shares homology to several actin-associated proteins, including the actin-associated *Drosophila* kelch protein (Fig. [1](#F1){ref-type="fig"} *B*) ([@B74]), murine IAP-promoted placenta protein (MIPP) ([@B15]), scruin ([@B71]), protein Spe-26 of *Caenorhabditis elegans* ([@B65]), calicin ([@B67]), and a large number of poxvirus proteins. This kelch motif contains a predicted structure of β-sheet repeats that form "superbarrel" structures ([@B10]).

NRP/B Is Highly Restricted in Tissue Expression
-----------------------------------------------

An extensive survey of human fetal and adult primary tissues was performed by Northern blot analysis. The 5.5-kb NRP/B mRNA was detected abundantly in human fetal brain tissue with moderate expression in fetal heart, lung, and kidney (Fig. [2](#F2){ref-type="fig"} *A*). Probing of mRNAs derived from various human adult tissues revealed a very high level of NRP/B mRNA expression in the brain and a lower but detectable mRNA signal in the pancreas (Fig. [2](#F2){ref-type="fig"} *B*). The expression of NRP/B mRNA was particularly high in the amygdala and hippocampus regions of human adult brain (Fig. [2](#F2){ref-type="fig"} *C*).

To assess the expression of NRP/B in tissues at different developmental stages, in situ hybridization was performed with murine *Nrp/b* cDNA probe(s) on mouse tissue sections. An in situ hybridization study of *Nrp/b* expression in early postimplantation mouse embryos (8--10 d post coitum \[pc\]) showed no expression (data not shown). However, in day 12 pc mouse embryos, NRP/B showed an interesting pattern of expression. It was mainly present in the cerebrum, spinal cord, and peripheral ganglia (Fig. [3](#F3){ref-type="fig"} *A*). In the brain, *Nrp/b* expression was found in the diencephalon, mesencephalon, rhombencephalon, and on the floor of the third and fourth ventricles. In the spinal cord, *Nrp/b* expression was found in the dorsal and ventral regions and in the peripheral ganglia. In situ hybridization was also performed on the sagittal sections of adult mouse brain. *Nrp/b* mRNA expression was found abundantly in the neuronal layers of the cerebral cortex, hippocampus, and amygdala (Fig. [3](#F3){ref-type="fig"} *B*). In the hippocampus, significant levels of *Nrp/b* mRNA were observed in the pyramidal cells of the CA1--CA3 subfields (Fig. [3](#F3){ref-type="fig"} *B*, *d*). A strong signal was also observed in the CA3 region of the hippocampus, and a moderate level of expression was seen in the CA1 and CA2 subfields (Fig. [3](#F3){ref-type="fig"} *B*, *d* and *e*). In the dentate gyrus, granule cells showed a strong signal (Fig. [3](#F3){ref-type="fig"} *B*, *d*). *Nrp/b* expression was also abundant in the amygdala and basal ganglia. In the cerebral cortex and the piriform cortex, high levels of *Nrp/b* expression in layers II--III and moderate levels in layers V--VI were observed (Fig. [3](#F3){ref-type="fig"} *B*, *a* and *b*). No signal was detected in the cerebral cortex (Fig. [3](#F3){ref-type="fig"} *B*, *c*) or hippocampus (Fig. [3](#F3){ref-type="fig"} *B*, *f*) when the brain sections were probed with the sense strand of *Nrp/b*.

NRP/B Is Localized to the Nucleus of Primary Hippocampal Neurons
----------------------------------------------------------------

To identify NRP/B protein expression, we have generated specific anti-NRP/B antibodies: NRP/B polyclonal antibodies raised in rabbits immunized with the full-length NRP/B protein expressed in the baculovirus system, and NRP/B monoclonal antibodies raised in mice that were also immunized with the full-length NRP/B protein expressed in the baculovirus system. 24 hybridoma clones were characterized as NRP/B-specific monoclonal antibodies and recognized the full-length 67-kD NRP/B-purified protein expressed in the baculovirus system (data not shown). When total cell lysates were prepared from primary neurons (Fig. [4](#F4){ref-type="fig"}), PC-12 cells (Fig. [9](#F9){ref-type="fig"} *B*), or SH-SY5Y cells (data not shown) and analyzed by immunoprecipitation followed by Western blot analysis, two forms of NRP/B protein (67 and 57 kD) were detected using NRP/B polyclonal and monoclonal antibodies (Fig. [4](#F4){ref-type="fig"}, lane *2*). However, when the nuclear pellet of the primary neurons was analyzed by Western analysis, only the 67-kD form was identified using polyclonal or monoclonal antibodies (Fig. [4](#F4){ref-type="fig"}, lane *1*). These analyses indicate that the NRP/B protein appears to have two forms: 57 and 67 kD.

The expression of NRP/B protein in rat primary hippocampal neurons and astrocytes was further evaluated by Western blot analysis using NRP/B polyclonal and monoclonal (SA5) antibodies. NRP/B protein (67 kD) was expressed in primary hippocampal neurons but was absent in primary astrocytes (Fig. [5](#F5){ref-type="fig"} *A*). In addition, primary hippocampal neurons were analyzed by immunostaining using polyclonal and monoclonal NRP/B antibodies, followed by immunofluorescent microscopy and confocal microscopy. NRP/B was observed in the nucleus of these neurons (Fig. [5](#F5){ref-type="fig"} *B*). Microscopic imaging of rat primary hippocampal neurons revealed a nuclear-specific distribution of NRP/B (Fig. [5](#F5){ref-type="fig"} *B*). Serial optical sections (3-μm intervals) recorded from the near apical surface (*a*) of the cell body toward the basal surface (*d*) revealed the NRP/B-labeled nuclear matrix. Three-dimensional volume rendering of entire cells indicates that NRP/B expression is limited to the nuclear matrix. In the cell shown (Fig. [5](#F5){ref-type="fig"} *B*, *e*), over 95% of the NRP/B was localized to the cell body region. Volumetric analysis revealed this cell to be 2,866 μm^3^, with 390 μm^3^ occupied by the nucleus. Immunogold staining and transmission electron microscopy of rat primary hippocampal neurons revealed NRP/B antigen deposition in the nuclear matrix of the nucleoplasm, the peripheral heterochromatin, and the nucleolus (Fig. [5](#F5){ref-type="fig"} *C*). No immunogold staining of NRP/B was seen in primary astrocytes. These results suggest that NRP/B is a nuclear protein associated with the nuclear matrix in neuronal cells.

In addition to immunolocalization studies, nuclear localization of NRP/B was confirmed by two biochemical methods ([@B49]; [@B27],*b*). Subcellular fractionation was performed on the COS-7 cells transfected with the FLAG-NRP/B-pcDNA3neo construct. Each fraction was processed for SDS-PAGE and Western blot analyses. NRP/B protein was detected only in the nuclear pellet using M5 antibody (Fig. [6](#F6){ref-type="fig"} *A*). Subnuclear fractions from the COS-7 cells transfected with this construct contained insoluble NRP/B protein predominantly in the nuclear pellets (Fig. [6](#F6){ref-type="fig"} *B*). Even after detergent solubilization (1% Triton X-100) or mechanical shear (sonication without detergent) of the nuclei, the majority of NRP/B protein was still found in the pellets (Fig. [6](#F6){ref-type="fig"} *C*). These results suggest that NRP/B is localized to the nucleus and possesses the biochemical features of a nuclear matrix protein.

The biochemical properties of endogenous NRP/B were further characterized on actively growing SH-SY5Y human neuroblastoma cells (Fig. [6](#F6){ref-type="fig"}). Cells were collected and fractionated. After homogenization, a supernatant fraction (Fig. [6](#F6){ref-type="fig"} *D*, lane *2*) and a nuclear pellet (lane *3*) were obtained. We further fractionated the nuclear pellet into soluble (Fig. [6](#F6){ref-type="fig"} *D*, lane *4*) and insoluble nuclear matrix fractions (lane *5*) after EcoRI digestion and high-salt treatments. Western blot analysis of these fractions using monoclonal anti-NRP/B antibody indicated that NRP/B is a nuclear matrix protein (Fig. [6](#F6){ref-type="fig"} *D*, lanes *3* and *5*), as observed for the FLAG-NRP/B construct as described above. The molecular mass of the recognized protein was 67 kD. The nuclear matrix purification procedure was monitored and confirmed by using a monoclonal antibody to a nuclear matrix protein, NuMA, with a molecular mass of ∼240 kD ([@B17], [@B18]; [@B75]).

NRP/B Is Involved in Neuronal Differentiation
---------------------------------------------

To characterize the possible function(s) of the NRP/B protein in neurons, we have analyzed its expression in Neuro 2A cells upon dibutyryl cAMP treatment (Fig. [7](#F7){ref-type="fig"}) and in SH-SY5Y cells upon retinoic acid (RA) treatment (see Fig. [11](#F11){ref-type="fig"}). RA and dibutyryl cAMP are known to induce neuronal cell differentiation ([@B66]; [@B19]). The expression level of NRP/B was evaluated by Western blot analyses before and after induction by RA and dibutyryl cAMP treatment. In particular, Neuro 2A cells showed an increase in their level of NRP/B expression in response to dibutyryl cAMP (Fig. [7](#F7){ref-type="fig"} *B*). Similar results were obtained with SH-SY5Y neuroblastoma cells in response to RA treatment (Fig. [11](#F11){ref-type="fig"}). These results indicate that NRP/B was upregulated during neuronal differentiation of the Neuro 2A and SH-SY5Y neuroblastoma cells.

In addition, we investigated the effects of NRP/B overexpression in murine Neuro 2A cells. We transfected these cells with FLAG-NRP/B-pcDNA3neo cDNA and generated a stable NRP/B-transfected cell line (Neuro 2A-- NRP) that overexpressed the NRP/B protein (Fig. [7](#F7){ref-type="fig"} *D*). The Neuro 2A--NRP demonstrated a significant augmentation of neuronal process formation, similar to that observed in Neuro 2A cells upon treatment with dibutyryl cAMP (Fig. [7](#F7){ref-type="fig"} *A*, Table [I](#TI){ref-type="table"}). No morphological changes were observed in either the untreated Neuro 2A cells or in the Neuro 2A cells transfected with the pcDNA3neo vector alone (Fig. [7](#F7){ref-type="fig"}). The expression of FLAG-NRP/B in the Neuro 2A--NRP cells was observed by Western blot analysis using monoclonal antibodies for the FLAG-tagged protein (Fig. [7](#F7){ref-type="fig"} *D*). Furthermore, the data summarized in Table [I](#TI){ref-type="table"} indicate that there was a significant increase in the number and length of neurites of the Neuro 2A cells stably transfected with NRP/B cDNA (fivefold), results similar to that obtained after stimulation with dibutyryl cAMP (fivefold).

In addition, we used a sense/antisense oligodeoxynucleotide approach against NRP/B mRNA in cultures of rat primary hippocampal neurons. Over 90% of the cells in culture were primary neurons, as shown by immunostaining with neuronal specific markers such as MAP-2 ([@B8]; [@B23]) (data not shown). Kinetics and dose response studies using NRP/B oligodeoxynucleotides were first performed at various densities of primary neurons to determine the optimal assay conditions. Antisense treatment (25 μg/ml) of primary neurons (1 × 10^5^ cells/ml) resulted in a reduction in neuronal process formation (Fig. [8](#F8){ref-type="fig"} *A*, *d*). This reduction could be observed even in low-density cultures (1 × 10^4^ cells/ml) treated with NRP/B antisense oligodeoxynucleotides (data not shown). As shown in Table [II](#TII){ref-type="table"}, antisense treatment of rat primary hippocampal neurons resulted in a significant decrease (77%) in neuronal process length. No significant changes were observed when primary astrocytes were treated with the antisense oligodeoxynucleotides (Fig. [8](#F8){ref-type="fig"} *A*, *h*), suggesting that the effect of NRP/B antisense oligodeoxynucleotides was specific to primary neurons (Fig. [8](#F8){ref-type="fig"} *A*). In conjunction with these antisense effects on cell morphology, we observed decreased levels of NRP/B protein to ∼50% of baseline, supporting the specificity of these biological changes (Fig. [8](#F8){ref-type="fig"} *B*). NRP/B sense and scrambled oligodeoxynucleotide treatments had no effect on primary neuronal cells (Fig. [8](#F8){ref-type="fig"}, *A* and *B*).

Since we observed a significant reduction in neuronal process formation in rat primary hippocampal neuronal cultures upon NRP/B antisense oligodeoxynucleotide treatment, we next studied PC-12 cells, which are known to differentiate upon treatment with the growth factor NGF ([@B25]). Treatment of PC-12 cells with NGF (100 ng/ml) induced neuronal differentiation (which includes neuronal process formation) in more than 85% of the cell population as compared with the untreated cells (Fig. [9](#F9){ref-type="fig"}, *A* and *C*). Treatment of these cells with NRP/B antisense oligodeoxynucleotides (75 μg/ml) inhibited neuronal process formation in response to NGF (Fig. [9](#F9){ref-type="fig"} *C*). No effect was observed in PC-12 cells treated with NRP/B sense or scrambled oligodeoxynucleotides. A significant decrease in neurite outgrowth and neurite length was observed in PC-12 cells treated with NRP/B antisense oligodeoxynucleotides (Fig. [9](#F9){ref-type="fig"} *C*). Antisense oligodeoxynucleotide treatment completely inhibited p57-NRP/B expression and decreased the expression of p67 NRP/B (Fig. [9](#F9){ref-type="fig"} *B*). These studies further indicated that NRP/B is involved in neuronal differentiation. Thus, the inhibition of NRP/B expression reduced neuronal process formation and overexpression of NRP/B enhanced neuronal process formation of neuronal cells.

In Vivo Phosphorylation of NRP/B and Its Binding to p110^RB^
------------------------------------------------------------

Evidence suggests that the hypophosphorylated form of p110^RB^ is active in growth suppression ([@B57]). The hypophosphorylated form of p110^RB^ protein is found to be associated with the nuclear matrix and "tethered" to the nuclear structure, whereas hyperphosphorylated and mutated forms of the protein are not ([@B51]). Since NRP/B is found to be expressed in cells that are in the mitotic-active ventricular zone (unpublished data) as well as in postmitotic neurons in other brain regions (Fig. [3](#F3){ref-type="fig"}), we investigated whether NRP/B is associated with p110^RB^ and its in vivo phosphorylation during cell cycle progression. To study in vivo phosphorylation of NRP/B during cell cycle progression, we used synchronized SH-SY5Y cells. Postconfluent SH-SY5Y cells were arrested in the G1 phase by serum deprivation (Fig. [10](#F10){ref-type="fig"} *B*). 8 h after cells were stimulated by the addition of 10% fetal bovine serum, NRP/B became phosphorylated (Fig. [10](#F10){ref-type="fig"} *A*). As cells were entered in S-phase, NRP/B became highly phosphorylated (Fig. [10](#F10){ref-type="fig"} *A*, Time = 18 h). To further analyze NRP/B phosphorylation, in vivo ^32^P-labeled nuclear extract was analyzed by Isoelectric-Focusing (IEF) two-dimensional gel electrophoresis. Interestingly, two forms of in vivo phosphorylated NRP/B were detected (Fig. [10](#F10){ref-type="fig"} *C*, *a*). These phosphorylated NRP/B forms are tyrosine-phosphorylated as shown in Fig. [10](#F10){ref-type="fig"} *C*, *b*. These results suggest that phosphorylation of NRP/B is regulated during cell cycle progression.

In an attempt to explore the interaction between NRP/B and p110^RB^ during neuronal differentiation, the ability of NRP/B to bind native p110^RB^ was tested using an in vitro binding assay. Total cell lysates were prepared from untreated or RA-treated SH-SY5Y cells and immunoprecipitated with anti-p110^RB^ antibody. Immunoprecipitates were washed, separated on a 7.5% SDS-PAGE gel, and subjected to Western blotting. While the control-purified Csk protein did not bind to p110^RB^, the full-length recombinant NRP/B protein did bind directly to p110^RB^ (Fig. [11](#F11){ref-type="fig"} *A*). Thus, these results indicate that NRP/B can specifically interact with p110^RB^ in vitro. To determine the nature of this NRP/B association to p110^RB^ during neuronal differentiation, SH-SY5Y cells were treated with RA (10 μM) in the presence of 10% fetal bovine serum for 2 d, during which time cells underwent differentiation. p110^RB^ was coimmunoprecipitated with NRP/B (Fig. [11](#F11){ref-type="fig"} *B*). Although, NRP/B expression was upregulated during neuronal differentiation (Figs. [7](#F7){ref-type="fig"} and [11](#F11){ref-type="fig"}), the association of NRP/B with p110^RB^ was decreased compared with untreated cells (Fig. [11](#F11){ref-type="fig"} *B*). These results demonstrate that the interaction of NRP/B with p110^RB^ is specific and suggest that the hypophosphorylated form of p110^RB^ associates with NRP/B during neuronal differentiation, while the hyperphosphorylated form of p110^RB^ associates with NRP/B in nondifferentiating cells.

Discussion {#Discussion}
==========

In this study, we have described for the first time a novel neuronal nuclear matrix protein, designated NRP/B (for nuclear-restricted protein in brain), which appears to play a role in neuronal differentiation. This determination is based on four types of experimental and analytical sets of findings: (*a*) structural elements, (*b*) developmental studies, (*c*) localization, and (*d*) functional studies.

Structural Elements
-------------------

Structural analysis of both the nucleotide sequences and the predicted secondary structure of NRP/B revealed two major structural elements, the α-helix NH~2~-terminal BTB domain--like structure (35% identity, 59% similarity) and the β-sheet COOH-terminal kelch motif. The BTB domain has been proposed to mediate protein--protein interactions that are associated with higher order structures involved in chromatin folding or cytoskeleton organization ([@B23]). This domain is found in diverse molecules: in several developmentally regulated zinc finger-- type transcription factors of *Drosophila* and mammals, in several open-reading frames of the poxviruses, and in the cytoskeletal protein calicin from the sperm head. Similar to WT1 and the *Koriippel*-type zinc finger protein TFIIIA ([@B13]), the NRP/B protein, through its BTB domain, might function as a regulatory domain in protein--protein interactions at the transcriptional and/or posttranscriptional level. In addition, the BTB homologous domain might be responsible for the insolubility of the 67-kD NRP/B protein (unpublished data). This characteristic of insolubility is probably due to oligomerization of the NRP/B protein. Similar data have been shown with the BTB domain of the *bab* protein ([@B1]).

A consensus sequence derived from the six repeats of NRP/B showed ∼28% identity (45% similarity) with several actin-associated proteins that contain 50--amino acid "kelch-like motifs" (Fig. [1](#F1){ref-type="fig"} *B*). These motifs are found in the actin cross-linking protein scruin ([@B71]) and in a series of other proteins ([@B15]; [@B74]). Although the role of the β-sheet repeat in the kelch family of proteins is not yet known, the predicted structure of β-sheet repeat motifs may have functional significance in binding actin, protein folding, or protein--protein interactions. Structural analysis suggested that the β-sheet motifs form "superbarrel" structures ([@B10]; [@B1]; [@B16]). Interestingly, a recent crystallographic study on the β-subunit of the G protein ([@B36]; [@B58]) revealed that its β-stranded repeat motifs form a superbarrel structure ([@B70]) and might play an important role in intra- and intermolecular interactions. By analogy, NRP/B, with its six-repeat structure, may communicate directly with structural elements and may recruit other nuclear matrix proteins to form a nuclear scaffold structure.

Developmental Studies
---------------------

We have observed NRP/B expression in fetal brain to be about 50-fold higher than in other tissues during fetal development (embryogenesis). Northern blot analysis demonstrated that NRP/B mRNA was highly expressed in the human adult brain. These different patterns of NRP/B expression in fetal and adult human tissues suggest that NRP/B is regulated during embryogenesis and may have tissue-specific functions at different developmental stages. Using in situ hybridization, NRP/B expression was not detected in the early embryos (8--10 d pc), while in the day 12 pc mouse embryos, NRP/B mRNA was readily detected in the brain and spinal cord (Fig. [3](#F3){ref-type="fig"}). There were particularly high NRP/B mRNA levels in the hippocampus and amygdala cortex, which are major components of the limbic system. NRP/B expression was also found in the piriform cortex, which is also a component of the limbic system. The expression pattern of NRP/B suggests the possible involvement of NRP/B in neuronal development.

Localization
------------

The localization of the NRP/B protein is also suggestive of its regulatory activity. This protein is expressed abundantly in brain (Fig. [2](#F2){ref-type="fig"}) and appears to be expressed specifically in primary neurons (Fig. [3](#F3){ref-type="fig"} *A*). Confocal micrographs and electron microscopy using NRP/B-specific antibodies indicated that NRP/B is highly expressed in the nucleus of neurons but not in primary astrocytes. Cellular commitment and differentiation of the cell lineages in the nervous system, like all developing tissues, depend ultimately on intricate programs establishing specific patterns of gene expression ([@B47]; [@B56]; [@B50]). NRP/B gene expression in a tissue-specific manner (in neurons but not in astrocytes) might be the result of an interplay of ubiquitous as well as tissue-specific factors ([@B47]). Furthermore, the distribution of NRP/B was condensed in peripheral heterochromatin and in the nucleolus, a subcellular organelle known to harbor cyclin B--cdc2 complex, annexin V, angiogenin, and HSP70, proteins involved in cell cycle regulation and cell differentiation.

Our biochemical studies using two known methods for biochemical analysis of nuclear matrix proteins indicate that NRP/B is a nuclear matrix protein ([@B49]; [@B27],*b*). It was localized to the nuclei in the subcellular fractions, and it was tightly associated to the insoluble matrix. Although NRP/B contains several motifs that are rich in positively charged amino acids, no classical nuclear localization signal ([@B63]) was predicted from the primary sequence. The NRP/B protein might be localized through a nuclear localization signal generated by the interaction of two "half nuclear localization signal" sequences contributed by different parts of the NRP/B protein, or alternatively, NRP/B protein may be cotranslocated by another protein to the nucleus as a complex. Further studies are necessary to establish how the NRP/B protein is targeted into the nucleus and integrated into the nuclear matrix.

Two forms of NRP/B (67 and 57 kD) were detected by immunoprecipitation of total cell lysates of primary neurons, SH-SY5Y cells, and PC-12 cells, while in the neuronal nuclear pellet, only one form of NRP/B (p67) was detected, using specific monoclonal and polyclonal NRP/B antibodies (Fig. [4](#F4){ref-type="fig"}). Interestingly, the nuclear-mitotic apparatus (NuMA) protein undergoes dynamic changes during the cell cycle, and truncated forms of NuMA appear during apoptosis ([@B34]). NuMA behaves solely as a 220-kD nuclear matrix protein during interphase. However, during mitosis NuMA is phosphorylated by Cdc2 kinase into a 240-kD form. The 240-kD form of NuMA either becomes a 180-kD truncated form or a 220-kD form during the metaphase--anaphase. The 220-kD form relocates to the daughter nuclei and remains throughout interphase ([@B34]). Future studies will determine the function of both NRP/B forms and whether NRP/B undergoes dynamic changes, similar to that of NuMA.

Functional Studies
------------------

Neuronal differentiation involves migration, directional axon growth, synaptogenesis, and selective survival ([@B37]; [@B20]). Neuronal growth factors and cell adhesion molecules stimulate and guide neuronal differentiation. Development of neurons from neuroblasts involves the extension of cytoplasmic processes (neurites) that mature into axons and dendrites in response to distinct extracellular signals ([@B32]). Tyrosine phosphorylation has been implicated in neuronal differentiation, by which neurite outgrowth is regulated ([@B38]). In addition, changes in the cytoskeleton are crucial for neurite outgrowth and maturation ([@B20]). The interaction of neuronal cells with the extracellular matrix and soluble neurotrophic factors regulates the formation and guidance of neurites by directing changes in the microtubules and the actin cytoskeleton ([@B59]) and by triggering the protein tyrosine phosphorylation of key signaling proteins ([@B59]; [@B9]; [@B35]; [@B62]; [@B72]; [@B31]). Furthermore, the reorganization of the actin cytoskeleton is necessary for neurite formation ([@B35]) and cell spreading ([@B62]), while microtubule polymerization is required for the elongation of neurites ([@B59]; [@B62]).

To elucidate the function(s) of NRP/B in neuronal development, NRP/B expression in response to RA or dibutyryl cAMP was studied in neuronal cells. The NRP/B protein was upregulated during neuronal differentiation (Fig. [7](#F7){ref-type="fig"}). To further demonstrate the possible involvement of NRP/B in neuronal differentiation, two experimental approaches were taken. Overexpression of NRP/B in Neuro 2A neuroblastoma cells was used and was shown to significantly enhance the extension of neuronal processes during neuronal differentiation (Fig. [7](#F7){ref-type="fig"}, Table [I](#TI){ref-type="table"}). In the second experimental approach, the antisense and sense strategy was used, which has been used successfully to address the function of several important regulatory genes, including those expressed in neuronal cells ([@B68], [@B69]). Antisense oligodeoxynucleotide treatment of dynamin 1, a microtubule-activated GTPase, prevented neurite formation in cultured hippocampal neurons ([@B64]). NRP/B antisense treatment of rat primary hippocampal neurons resulted in a significant reduction in neuronal process formation (Fig. [8](#F8){ref-type="fig"}). Similarly, NRP/B antisense treatment inhibited NGF-induced differentiation of PC-12 cells, resulting in the inhibition of neuronal process formation (Fig. [9](#F9){ref-type="fig"}).

These results suggest that the NRP/B protein plays a role in neuronal differentiation. As suggested in the "Tensegrity" model ([@B59]), nuclear morphology and the cytoskeletal structure are dynamically associated, and if changes occur in the nuclear structure, then the cytoskeletal structure and gene expression may also be altered. The consequences of the inhibition of neuronal process formation by NRP/B antisense treatment and the extension of neuronal processes by NRP/B protein overexpression are in accordance with this model.

Cell cycle control mechanisms can affect the nuclear matrix and its complex constituents at several levels. The p110^RB^ is a nuclear matrix--associated protein that is cell cycle dependent ([@B44]). This protein is distributed widely throughout the matrix ([@B45]) and is associated with the major nuclear matrix protein, lamin A ([@B54]). p110^RB^ regulates progression of the cell cycle and is important for cell survival and differentiation ([@B57]). Mutants or hyperphosphorylated forms of p110^RB^ are less firmly attached to the nuclear structures, while the hypophosphorylated forms of p110^RB^ become tightly associated with them ([@B51]). In addition, a novel 84-kD nuclear protein that localizes to subnuclear regions associated with RNA processing was found to bind preferentially to the functionally active hypophosphorylated form of p110^RB^ ([@B22]). Neuronal differentiation can be induced by overexpression of p27^KIP^ or p110^RB^, suggesting that inhibition of cyclin-dependent kinase activity leading to loss of p110^RB^ phosphorylation is a major determinant for neuronal differentiation ([@B41]). In vivo phosphorylation of NRP/B is regulated during cell cycle progression (Fig. [10](#F10){ref-type="fig"}). Both in vivo and in vitro experiments indicated that NRP/B is associated with p110^RB^ (Fig. [11](#F11){ref-type="fig"}) and that the association of p110^RB^ to NRP/B is decreased during neuronal differentiation (Fig. [11](#F11){ref-type="fig"}). These observations suggest that NRP/B is involved in neuronal differentiation through its interaction with the hypophosphorylated form of p110^RB^. The kinase that is responsible for NRP/B phosphorylation is not yet identified. These data suggest strongly that NRP/B interacts with p110^RB^ and that NRP/B is involved in neuronal cell differentiation.

Therefore, to our knowledge NRP/B is the first nuclear matrix protein identified to be specifically expressed in primary neurons, to interact with p110^RB^, and to participate in the regulation of neuronal process formation. The results presented in this study might suggest that NRP/B is involved in cell cycle withdrawal after commitment to differentiation, or alternatively, NRP/B might be involved in the regulation of neuronal cell differentiation by interfering with the function of cell cycle regulatory proteins such as p110^RB^. Future studies will address these models of NRP/B function in neuronal cells.
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![Amino acid sequence analysis of NRP/B. (*A*) Deduced amino acid sequence of NRP/B. The BTB/ POZ homologous domain is underlined. (*B*) Sequence alignment of the 50--amino acid β-sheet repetitive domains. Sequence alignment indicates the 50--amino acid putative β-sheet repetitive domains compared with the most related protein, *Drosophila* kelch (*d*), with 28% identity (45% similarity). The consensus is indicated on the top line: *capital letters*, highly conserved residues; *underlined italics*, hydrophobic residues; \#, hydrophilic residues; \*, charged residues. Letters in shaded boxes denote hydrophobic or charged residues. White letters on black background represent conserved residues. Dashes indicate gaps in the alignment. The three digit numbers in the left column indicate the number of the first residue (or amino acid) in each repeat, and the numbers in the right column indicate the number of residues in a repeat.](JCB32950.f1){#F1}

![mRNA expression of NRP/B in human tissues. (*A*) Poly-A mRNA blot of human fetal tissues. (*B*) Expression of NRP/B mRNA in human adult primary tissues. (*C*) Expression of NRP/B mRNA in different regions of human brain. The probes used in these blots were the 3′-end gene-specific NRP/B cDNA probe (500-bp) and glyceraldehyde-3-phosphate dehydrogenase (*GAPDH*) and β-actin cDNA probes as controls for the RNA amounts.](JCB32950.f2){#F2}

###### 

In situ hybridization of NRP/B. (*A*) NRP/B expression in day 12 pc mouse embryos: Sagittal sections of day 12 mouse embryos were probed with ^35^S-labeled antisense (*a*) and sense (*b*) RNA probes. (*a*) Bright-field photomicrograph of day 12 pc mouse embryo. *di*, diencephalon; *me*, mesencephalon; *rh*, rhombencephalon; *sc*, spinal cord; *drg*, dorsal root ganglia. (*b*) Serial sections (shown in *a*) hybridized with the sense probe show no signal. (*B*) Expression of NRP/B mRNA in adult mouse brain: Sagittal sections of mouse brain were probed with ^35^S-labeled antisense (*a*, *b*, *d*, and *e*) and sense (*c* and *f*) RNA probes. (*a*) Bright-field photomicrograph of cerebral cortex showing hybridization in layers II--III and V--VI. (*b*) High magnification of layer II--III shown in *a*. Arrows point to the signal in neuronal cells. (*c*) Serial section shown in *a*, hybridized with the sense probe. (*d*) Bright-field photomicrograph of hippocampal region showing hybridization in CA1--CA3 subfields and dentate gyrus. (*e*) Higher magnification of CA3 subfield of hippocampus. (*f*) Serial section shown in *d* hybridized with the sense probe shows no signal in the hippocampus region. *DG*, dentate gyrus. Bars: (*A*, *a* and *b*) 10 μm; (*B*, *a*, *c*, *d*, and *f*) 100 μm; (*B*, *b* and *e*) 400 μm.
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![Characterization of two NRP/B forms. A nuclear pellet of neurons was prepared and resuspended in SDS loading buffer (lane *1*). In addition, total cell lysates of primary neurons (500 μg) were immunoprecipitated with NRP/B monoclonal antibody and analyzed by SDS-PAGE. Both samples were blotted with VD2 monoclonal NRP/B antibody (dilution 1:1,000).](JCB32950.f4){#F4}

###### 

Effect of antisense oligodeoxynucleotides. (*A*) Effect of antisense oligodeoxynucleotides on cell morphology: PC-12 cells were plated at a density of 10^5^ cells/ml and treated with 75 μg/ml oligodeoxynucleotide for 24 h in DME containing 1% horse serum, with or without NGF, 100 ng/ml as indicated: (*a*) Control PC-12 cells; (*b*) NGF (100 ng/ml)-treated PC-12 cells; (*c*) scramble oligodeoxynucleotides + NGF; (*d*) sense oligodeoxynucleotides + NGF; (*e*) antisense NRP/B oligodeoxynucleotides + NGF. (*B*) Western blot analysis of NRP/B protein from PC-12 cells treated with sense, scramble, or antisense oligodeoxynucleotides. Total cell lysates were obtained by the direct addition of prewarmed 2× Laemmli loading buffer to the cells. Equal amounts of cell equivalents (10^5^ cells) were loaded. NRP/B monoclonal antibody was used (dilution 1:1,000) for Western blot analysis. The reactive proteins were detected using the ECL system (Amersham Corp.). (*C*) Quantitative analysis of neurite extension in PC-12 cells treated with oligodeoxynucleotides. A total of 200 cells from triplicate experiments were counted for the percentage of cells with neurites. The neurite length was measured under each condition. Data are the mean ± SE values.

![](JCB32950.f9a)

![](JCB32950.f9b)

![](JCB32950.f9c)

###### 

Subcellular localization of pNRP/B in primary hippocampal neurons. (*A*) Expression of NRP/B in primary neurons and astrocytes. Equal amounts of total cell lysate were applied for Western blot analysis using anti-NRP/B antibody (SA5 monoclonal antibody, 1:1,000 dilution). (*B*) Confocal micrographs of primary neurons isolated from the hippocampus of rat brain immunolabeled with NRP/B antibody (rabbit FITC secondary antibody) show nuclear staining. (*a--d*) Serial optical sections recorded 0.3 μm from the apical surface (*a*) of the cell body toward the basal surface (*d*) at 3-μm intervals. (*e--g*) Three-dimensional rendering of rat primary neuron of serial section represented in *a--d*. (*e*) A surface view of the neuron in an oblique orientation with the uppermost apical sections removed to reveal the greater intensity of the NRP/B labeling within the nuclear matrix of the cell body. The front surface of the open box indicates the position of an orthogonal view projection through the cell volume shown in *g*. (*f*) Side view three-dimensional projection of the reconstructed neuron seen in *e*. (*C*) Electron microscopic localization of NRP/B protein in primary neurons. Small arrows indicate the localization of the NRP/B protein. *NuM*, nuclear membrane; *N*, nucleolus; *Mit*, mitochondria; *Ch*, peripheral heterochromatin; *Ri*, ribosomes; *Ly*, Lysosome; *RER*, rough endoplasmic reticulum; *Nuc*, nucleus. Bar, 1 μm.
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![Biochemical analysis of subcellular localization of NRP/B protein. Fractions were prepared from transfected COS-7 cells and SH-SY5Y neuroblastoma cells. (*A*) NRP/B expression in subcellular fractions of transiently transfected COS-7 cells. Pellet and supernatant were separated, and equal amounts of proteins were subjected to Western blot analysis using M5 anti-FLAG antibody. *CE*, cytoplasmic extract; *ME*, membrane extract; *NP*, nuclear pellet. (*B*) Nuclear fractionation from COS-7 cells transfected with either the N-FLAG-NRP/B-pcDNA3 neo construct or pcDNA3neo vector. *Sup*, supernatant from nuclei. (*C*) Fractionations of purified nuclei by detergent (Triton X-100, 1%) or sonication without detergent. (*D*) Fractionation of SH-SY5Y neuroblastoma cells; total lysates (lane *1*), supernatant fraction after cell homogenization (lane *2*), nuclear pellet (lane *3*), high-salt extract nuclei after EcoRI digestion of the nuclei (lane *4*), and the nuclear matrix protein (lane *5*). A comparable amount of protein from each fraction was loaded onto a 10% SDS--polyacrylamide gel and separated. The NRP/B protein and the nuclear matrix protein NuMA were visualized using a murine monoclonal anti-NRP/B antibody (VD2) and monoclonal antibody for NuMA (Calbiochem, La Jolla, CA), respectively. The reactive proteins were detected using an ECL system (Amersham Corp.).](JCB32950.f6){#F6}

###### 

Effects of dibutyryl-cAMP on NRP/B expression and overexpression of NRP/B in Neuro 2A neuroblastoma cells. (*A*) Dibutyryl cAMP--induced neuronal differentiation of Neuro 2A cells: mouse Neuro 2A neuroblastoma cells were grown on MEM containing 10% fetal bovine serum as a control (*a*) or were induced by 5 μM dibutyryl-cAMP for 48 h (*b*). (*B*) Expression of NRP/B protein during neuronal differentiation of Neuro 2A cells: 1 × 10^5^ cells were directly lysed with Laemmli loading buffer and subjected to 8% SDS-PAGE. Immunoblot analyses were performed using monoclonal NRP/B antibody: lane *1*, cells without dibutyryl-cAMP treatment; lane *2*, cells treated with dibutyryl-cAMP. (*C*) Morphological changes in Neuro 2A cells: stable Neuro 2A cells transfected with vector alone (pcDNA3) (*a*) and with FLAG-NRP/B-pcDNA3 (*b*) were examined for cell morphology under the same magnification using light microscopy. (*D*) Expression of NRP/B protein in transfected Neuro 2A cells by Western blot analysis: equal amounts of proteins were loaded and analyzed using FLAG monoclonal antibody M5; lane *1*, total cell lysates prepared from FLAG-NRP/B-pcDNA3--transfected Neuro 2A cells; lane *2*, total cell lysates prepared from pcDNA3-transfected cells.
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![In vitro and in vivo association of NRP/B with p110^RB^. (*A*) Lysates of SH-SY5Y cells were immunoprecipitated with anti-p110^RB^ antibody (lanes *2* and *5*), analyzed by 7.5% SDS-PAGE, and transferred to Immobilon-P membranes. The membranes were processed for Far Western blotting with the Csk kinase (as a negative control) and NRP/B-purified proteins. Lanes *1* and *4*, immunoprecipitations were performed with control antibody; lanes *3* and *6*, control Sepharose beads alone. (*B*) In vivo association of NRP/B with p110^RB^: (*a*) 500 μg of total cell lysates obtained from retinoic acid (10 μM) treated and untreated SH-SY5Y cells were subjected to immunoprecipitation with NRP/B and blotted with monoclonal p110^RB^ antibody. Two different migrated forms were observed: The slower migrated form (lane *1*) represents the hyperphosphorylated p110^RB^, and the faster migrated form (lane *2*) represents the hypophosphorylated p110^RB^. (*b*) After deprobing the blot in *a*, the membrane was probed with polyclonal NRP/B antibody.](JCB32950.f11){#F11}

###### 

Neurite Outgrowth in NRP/B-transfected Neuro 2A Cells

  Transfected Neuro 2A cells      Percentage of cells with neurites      Neurite length
  ---------------------------- -- ----------------------------------- -- --------------------------------------------
                                                                         *μm*
  Control (+ dibutyryl cAMP)      30 ± 3                                 82 ± 7
  NRP/B                           32 ± 3                                  81 ± 8[\*](#TFI-150){ref-type="table-fn"}
  pcDNA3 (Mock)                    6 ± 1                                 16 ± 1

Neuro 2A (mouse neuroblastoma) cells were stably transfected with 10 mg NRP/B-pcDNA3 as described in Materials and Methods. After G418 selection, cells were cultured on poly-[d]{.smallcaps}-lysine--treated plastic dishes. The percentages of cells with neurites were calculated from three experiments. Neurite lengths were measured from 50 neurites per condition in a representative experiment repeated three times. Data are the means ± SE values.  

 Significantly enhanced compared to control transfection with pcDNA3 (Mock) (*P* \< 0.005).  

###### 

Effect of antisense oligodeoxynucleotides against NRP/B on rat primary hippocampal neurons and primary astrocytes. (*A*) Effect of antisense oligodeoxynucleotides on cell morphology: Primary neurons (*a--d*) and astrocytes (*e--h*) were plated at a density of 3 × 10^5^ cells/ml and treated with 25 μg/ml oligodeoxynucleotide for 48 h. Two different types of primary astrocyte are indicated as I and II (*e*). Cells were treated with oligodeoxynucleotides against NRP/B as follows: *a* and *e* indicate controls without treatment; *b* and *f* indicate treatment with scramble oligodeoxynucleotides; *c* and *g* indicate treatment with NRP/B sense oligodeoxynucleotides; *d* and *h* indicate treatment with NRP/B antisense oligodeoxynucleotides. *As*, astrocytes. (*B*) Western blot analysis of NRP/B protein from primary neurons treated with sense, scramble, or antisense oligodeoxynucleotides. Total cell lysates were obtained by the direct addition of prewarmed 2× Laemmli-loading buffer to the cells. Equal amounts of cell equivalents (10^6^ cells/ml) were loaded. NRP/B monoclonal antibody was used (dilution 1:1,000) for Western blot analysis. The reactive proteins were detected using the ECL system (Amersham Corp.).
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###### 

Quantitative Analysis of Neurite Outgrowth in Sense- and Antisense-treated Hippocampal Neuron Cultures

  Oligonucleotide      Percentage of cells with neurites                    Neurite length
  ----------------- -- ------------------------------------------------- -- ----------------
                                                                            *μm*
  Control                  92 ± 4                                            115 ± 11
  Sense                    90 ± 4                                               116 ± 9
  Scramble                 88 ± 3                                               120 ± 7
  Antisense                 21 ± 2[\*](#TFII-150){ref-type="table-fn"}           44 ± 5

Embryonic day 18 hippocampal neuron cultures were prepared as described in Materials and Methods. Neurite lengths and the percentages of cells with neurites were measured 48 h after treatment with sense, scramble, and antisense oligonucleotides against NRP/B mRNA. A total of 150 cells from three repeated experiments for each condition were counted. Data are the means ± SE values.  

 Significantly inhibited neurite outgrowth compared to sense treatment (*P* \< 0.005).  

###### 

In vivo phosphorylation of NRP/B during cell cycle progression. (*A)* Postconfluent SH-SY5Y cells were cultured in serum-free medium for 24 h. (*a*) Cells were stimulated in phosphate-free DME with 10% dialyzed fetal bovine serum for the indicated times. For metabolic labeling, \[^32^P\]orthophosphoric acid (500 μCi) was added for 4 h. Total cell lysates (500 μg) were immunoprecipitated with monoclonal NRP/B antibody, and the blot was exposed overnight. (*b*) Western blot analysis of the same blot in *a* using NRP/B antibody (1:1,000). (*B)* Cells parallel to experiment *A* were harvested and stained with propidium iodide for flow cytometric analysis. (*C*) Analysis of in vivo ^32^P-labeled nuclear extract on two-dimensional gel electrophoresis. (*a*) Nuclear extract from metabolically labeled cells were resuspended in 9.5 M urea. 2 × 10^6^ cpm were subjected to IEF two-dimensional gel electrophoresis. Blot was exposed overnight. (*b*) Immunoblot with PY-20 monoclonal antibody. (*c*) After deprobing the membrane in *b*, the blot was probed with NRP/B monoclonal antibody. Arrows indicate two forms of the phosphorylated NRP/B.
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